Caveolin-1 has been linked to tumor progression and clinical outcome in breast cancer, but a clear resolution of its role as a prognostic marker is lacking. We assessed caveolin-1 levels in normal breast tissue and two breast cancer cohorts for which outcome data were available. We found that caveolin-1 was not expressed in normal breast luminal epithelium but was present in the epithelial compartment of some tumors. We found no association between caveolin-1 expression in the epithelial compartment and clinical outcome. However, high levels of caveolin-1 in the stromal tissue surrounding the tumor, rather than within tumor cells, associated strongly with reduced metastasis and improved survival (P < 0.0001). The onset of mammary tumors driven by Her2/neu overexpression was accelerated in mice lacking caveolin-1, thereby supporting the observation that the presence of caveolin-1 in the tumor microenvironment modulates tumor development. These studies suggest that stromal caveolin-1 expression may be a potential therapeutic target and a valuable prognostic indicator of breast cancer progression. (Am J Pathol
Caveolin-1 has been linked to tumor progression and clinical outcome in breast cancer, but a clear resolution of its role as a prognostic marker is lacking. We assessed caveolin-1 levels in normal breast tissue and two breast cancer cohorts for which outcome data were available. We found that caveolin-1 was not expressed in normal breast luminal epithelium but was present in the epithelial compartment of some tumors. We found no association between caveolin-1 expression in the epithelial compartment and clinical outcome. However, high levels of caveolin-1 in the stromal tissue surrounding the tumor, rather than within tumor cells, associated strongly with reduced metastasis and improved survival (P < 0.0001). The onset of mammary tumors driven by Her2/neu overexpression was accelerated in mice lacking caveolin-1, thereby supporting the observation that the presence of caveolin-1 in the tumor microenvironment modulates tumor development. These studies suggest that stromal caveolin-1 expression may be a potential therapeutic target and a valuable prognostic indicator of breast cancer progression. In recent years, it has become increasing apparent that stromal components in the tumor microenvironment, including the extracellular matrix and cell types including fibroblasts, vascular endothelial cells, immune and inflammatory cells, have a profound influence on the growth and metastasis of tumors. The molecular cross talk between tumor cells and these stromal elements plays an important role in defining the phenotype of a tumor. 1 Tumor cells can trigger the deposition of a reactive stroma or desmoplasia containing activated fibroblasts, connective tissue, immune and inflammatory cells that may favor invasion and metastasis of the cancer. 2 Many cell types in the mammary stroma express caveolin-1. However the role of this protein in molecular cross talk between tumor and stromal cells remains unknown.
Caveolin-1 is an integral plasma membrane protein that resides in specialized lipid rafts called caveolae in terminally differentiated mesenchymal cells including adipocytes, endothelial cells, and fibroblasts. 3 Within caveolae, the bilayer of cholesterol and sphingolipids is in an ordered state that restricts the movement of lipids. Caveolin-1 interacts directly with, and organizes cholesterol within caveolae. 4 Various receptors and signaling molecules are localized within caveolae, and caveolin-1 interacts with and negatively regulates a number of these through its scaffolding domain. 5, 6 By ordering lipids and concentrating signaling molecules, caveolae may facilitate cross talk between signaling pathways. Caveolin-1 is also found in the cytosol and has a role in lipid homeostasis and transport. 7, 8 Caveolin-1 is localized to human chromosome 7q31.1, a site that exhibits loss of heterozygosity in a range of tumor types. 9, 10 However, the role of caveolin-1 in breast cancer remains unclear. Earlier reports that caveolin-1 is expressed in normal breast epithelium 11, 12 are contradicted by more recent studies that found that its expression is associated with the myoepithelium and other tis-sues of mesenchymal origin and not with normal luminal epithelium. [13] [14] [15] [16] A number of studies have reported that caveolin-1 is down-regulated in breast cancers compared with normal mammary tissue. 14, [17] [18] [19] Similarly, caveolin-1 was absent in 10 invasive breast carcinomas, but present in two breast tumors of myoepithelial origin (basal-like cancers).
13 Down-regulation of caveolin-1 may be due to inactivating mutations in the gene, as reported previously, 20, 21 but not confirmed in another study. 18 Caveolin-1 gene expression may also be regulated in breast cancer through methylation. 18 New data demonstrate that high caveolin-1 expression in tumor epithelium is associated with basal, metaplastic, and triple negative breast cancers (negative for estrogen receptor ͓ER͔, progesterone receptor ͓PR͔, and Her2), 15, 22 as well as with inflammatory breast cancers. 23 The role of caveolin-1 in other tumor types appears to be varied, with expression associated with cancer suppression in ovarian, small cell lung, and colon cancers, 24 -26 but with cancer progression in prostate, non-small cell lung, esophageal, and colon cancers. 25, [27] [28] [29] To clarify the relationship between caveolin-1 and breast cancer progression or suppression, we have analyzed tissue sections specifically for stromal and tumor epithelial cell expression of caveolin-1 from two cohorts of breast cancer patients. Here we report that caveolin-1 levels in the tumor microenvironment rather than tumor epithelial compartment correlate strongly with clinical outcome. This observation is supported by our studies of Her2/neu driven tumor development in caveolin-1 null mice, where tumor onset is accelerated in the absence of stromal caveolin-1. These findings indicate that stromal caveolin-1 has a potential role as a new prognostic marker for breast cancer progression as well as being a possible therapeutic target.
Materials and Methods

Normal Human Breast and Cancer Tissues
Normal human breast tissue was collected by the Peter Mac Tissue Bank from consenting women undergoing breast reduction surgery. The Breast Prognosis tissue microarray, kindly provided by Dr. O. Kallioniemi, contains one 0.6-mm biopsy from the periphery of each of 612 human primary breast carcinomas with extensive clinical follow-up data. 30 The analysis reported here includes 429 samples with interpretable data. The remaining samples did not contain useable information for a number of reasons: (i) samples were not present on the glass slide or were lost from the slide during the immunostaining procedure, (ii) no tumor tissue was present in the sample, (iii) the quality of the sample was too poor to interpret expression, or (iv) survival data were not avail- and 72% being treated with tamoxifen. The diagnosis of metastasis was based on pathological confirmation or on other investigations that confirmed the presence of metastasis. Apart from three, all patients received surgery as the first treatment, and samples for analysis were obtained before chemotherapy. The remaining three samples were obtained after chemotherapy. Parallel analysis that excluded these three patients found substantially similar results to analysis of the entire cohort.
Caveolin-1 Immunostaining
Caveolin-1 immunostaining was completed on 3.5-micron sections of individual tissues or on the tissue microarray using a standard protocol with antigen retrieval in 10 mmol/L sodium citrate, pH 6.0, at 98°C for 15 minutes. 31 All tissues were fixed in 10% buffered formalin and paraffin-embedded. Mouse monoclonal and rabbit polyclonal anti-caveolin-1 antibodies (BD Transduction Laboratories, Lexington, KY), were used at 2.5 and 0.5 g/ml respectively. Non-specific mouse IgG1 antibody and purified rabbit pre-immune serum (DAKO, Kingsgrove, NSW, Australia) were used as isotype controls. Secondary biotin-conjugated goat anti-mouse/rabbit antibodies (Vector Laboratories Homebush, NSW, Australia) were used at 1:250 dilution. Specific primary-secondary antibody complexes were detected using ABC reagent (Vector) and visualized using a diaminobenzidine peroxidase substrate kit (Vector).
For the whole sections, the extent and intensity of caveolin-1 immunostaining was assessed independently by two experienced breast pathologists and in the 22% of the samples where there was some disagreement (often relating to the level of staining intensity), the matter was resolved by majority consensus with a third experienced breast pathologist. The tissue microarray was assessed by one pathologist and two other independent scorers and the majority opinion taken. Caveolin-1 immunostaining in tumor cells or stroma was scored as 0 (no expression), 1 (weak expression), or 2 (strong expression).
Analysis of ER, PR, c-erbB2, proliferating nuclear cell antigen, p53, and p170 on the whole tissue sections has been published previously.
32,33
Statistical Analysis
Frequency data were analyzed with the Fisher Exact test and continuous data by the Mann-Whitney U-test. The Kaplan-Meier method was used to estimate overall survival, and differences in outcome for each variable were compared with the log-rank test. Multivariate analysis of factors affecting survival was performed using a Cox proportional hazard model. All statistical tests were two-sided and P Ͻ 0.05 was considered to be statistically significant. SPSS software (version 16, Chicago, IL) was used for the statistical analysis of the human data and Graph Pad Prism (version 5.01) for the mouse outcome data.
Animal Studies
Mice lacking stromal caveolin-1 and with mammary-specific expression of Her-2/neu were bred from caveolin-1 null mice (129/Sv/C57Bl/6) obtained from Dr. T. Kurchalia Matings were performed with male MMTV-neu ϩ/Ϫ :caveolin-1 ϩ/Ϫ , and female caveolin-1 ϩ/Ϫ mice. Six genotypes, either heterozygote or null for MMTV-neu and with either two, one, or no alleles of caveolin-1, with a minimum of 15 female mice from each genotype were obtained from the same generation of MMTV-neu ϩ/Ϫ :caveolin-1 ϩ/Ϫ male and female breeders. At 8 to 10 weeks and again at 16 to 20 weeks, the mice in each genotype were subjected to pregnancy and 10 days of lactation and were monitored weekly for development of mammary tumors. Once tumors became palpable they were measured weekly using electronic calipers and mice were culled when the primary tumor reached a volume of 1500 mm 3 . All procedures were performed in a barrier facility under protocols approved by the Peter MacCallum Animal Experimentation Ethics Committee.
Mouse Tissue Analysis
Primary tumors and lungs were removed at autopsy, weighed, fixed in 10% buffered formalin, and processed for paraffin embedding. Primary tumors were sectioned and stained with H&E for general morphology or immunostained to determine caveolin-1 levels as described above. The lungs were ribbon cut into 5-micron sections and every 20 th section was H&E-stained and assessed by microscopy for metastatic nodules. 
Results
Caveolin-1 Expression in Normal Human Breast Tissue
The localization of caveolin-1 in normal breast tissue was assessed by immunostaining of tissue samples from ten healthy individuals using either a monoclonal antibody or a rabbit polyclonal antibody. The same expression pattern was seen with both antibodies. The specificity of the antibodies for caveolin-1 was confirmed previously by western analysis. 36 Caveolin-1 immunoreactivity was observed in stromal fibroblasts and in myoepithelial cells underlying the luminal epithelial cells (Figure 1, A, B, D , and E). Adipocytes and vascular endothelial cells were also positive for caveolin-1 (Figure 1, C and F) . However, no evidence for caveolin-1 expression was found in luminal epithelial cells. Consistent with our findings, a number of other reports describe the specific localization of caveolin-1 to breast myoepithelial and stromal cells, but not luminal epithelial cells [13] [14] [15] although epithelial cell expression has also been reported.
11,12
Caveolin-1 Expression in the Tumor Cell Compartment
To assess the association between caveolin-1 and clinical outcome in breast cancer, we used a monoclonal anti-caveolin-1 antibody to immunostain 429 arrayed primary human breast cancer samples. Details of the tissue array have been published previously. 30 Breast tumor cells in each sample were scored for the intensity of caveolin-1 staining; 268 (63%) of breast tumors were negative for caveolin-1, 130 (30%) had weak caveolin-1 immunoreactivity, and 31 (7%) were strongly positive for caveolin-1. Representative examples are shown in Figure  2A . The level of caveolin-1 expression in primary breast tumor cells was assessed in relation to other factors known to be associated with tumor progression. The presence of caveolin-1 in epithelial tumor cells was positively associated with lower TNM tumor stage (P ϭ 0.05). However, caveolin-1 levels in tumor epithelium did not predict cancer-specific survival over 5 years, 77% (95% CI: 71% to 83%) for patients with caveolin-1 negative primary tumors, 79% (95% CI: 71% to 87%) for patients with weak caveolin-1 immunostaining and 88% (95% CI: 76% to 100%) for patients with strong caveolin-1 immunostaining (P ϭ 0.24) ( Figure 2B ). Consistent with these findings, caveolin-1 expression in tumor cells was not associated with any of the other standard prognostic factors investigated (data not shown).
Caveolin-1 Levels in the Tumor Microenvironment Predict Survival
During screening of caveolin-1 levels in the arrayed breast tumor samples, we noted significant variation of caveolin-1 levels in stromal tissue in the tumor microenvironment in the few samples where significant amounts of stroma were present. However, further analysis of stromal caveolin-1 levels in the arrayed tumor samples was prevented by insufficient samples containing adequate amounts of stromal tissue. The samples were very small (0.6 mm) and the biopsy location was chosen to maximize tumor cell density. The heterogeneity of breast cancer confounds the analysis of samples with very small amounts of stroma. To explore further the relationship between caveolin-1 levels in the tumor microenvironment and breast cancer progression, we immunostained for caveolin-1 in a consecutive series of 173 primary breast tumors and specifically analyzed the amount of caveolin-1 protein either in tumor cells or in stromal cells.
There were 103 of 173 patients (60%) who had unambiguous staining of the stromal compartment of the tumor. As in normal breast tissue, caveolin-1 was detected in vascular endothelial cells in these tumor sections, but Figure 2C . The relationship between standard prognostic factors and other molecular markers with caveolin-1 expression in the stroma is shown in Table 1 . Caveolin-1 stromal staining was associated with smaller tumor size (T stage) (p ϭ 0.03) and grade (P ϭ 0.001). There was a trend toward patients expressing stromal caveolin-1 being younger (P ϭ 0.08), having lower AJCC stage tumors at presentation (P ϭ 0.07) and less proliferative tumors (proliferating nuclear cell antigen) (P ϭ 0.07). Caveolin-1 stromal staining was not related to caveolin-1 staining in tumor epithelium.
The correlation between prognostic factors and other markers with survival on univariate analysis is shown in Table 2 (log rank test). Small tumor size, lack of nodal involvement, lower AJCC stage, positivity for ER or PR, lower tumor grade, and absence of proliferating nuclear cell antigen or p53 staining were all associated with improved survival (Table 2 ). Age and expression of p170 were not associated with survival. The association between stromal caveolin-1 expression and survival was also assessed. The 10-year survival rate for patients with tumors that were positive for caveolin-1 expression in the stroma was 91%, as compared with 43% for patients lacking stromal caveolin-1 (P Ͻ 0.0001) ( Table 2 ). In contrast, there was no association between caveolin-1 positivity in tumor cells and 10-year survival (P ϭ 0.9) ( Figure 3A) .
Multivariate analysis (Cox proportional hazards model) was performed to identify factors that were independently associated with survival. Only stromal caveolin-1 staining, tumor size, and p53 status were independently and significantly associated with survival (Table 3) . Patients with stromal caveolin-1 expression were twelve times less likely to die, as compared with patients without stromal caveolin-1 expression. Consistent with findings from the arrayed tumor samples, caveolin-1 levels in tumor cells were not associated with clinical outcome ( Figure 2B and Figure 3A) , while stromal caveolin-1 was strongly associated with increased overall survival ( Figure 3B ).
Contribution of Caveolin-1 to Tumor Onset and Progression in Mice Transgenic for MMTV-neu
Analysis of the consecutive clinical cohort described above indicates that stromal caveolin-1 expression is a powerful prognostic marker of clinical outcome. To determine whether caveolin-1 expression in stromal cells contributes to tumor growth and progression, we analyzed the onset of spontaneous mammary tumors in mice null for caveolin-1. Latency to tumor onset was measured in mice transgenic for mammary-specific Her-2/neu expression that carried 0, 1, or 2 alleles of caveolin-1. Regardless of their caveolin-1 status, mice lacking the MMTV-neu oncogene did not develop tumors within 3 years, indicating that absence of stromal caveolin-1 is not sufficient to induce tumorigenesis. Tumor onset was more rapid in mice lacking caveolin-1 (mean onset on day 303 from birth) as compared with day 343 for caveolin-1 ϩ/Ϫ mice or day 404 for caveolin-1 wild-type mice for (Ta- Relative risks (RR) with associated 95% confidence levels and P values are shown (Cox Proportional Hazards Model). All factors shown in Table 2 were analyzed but only those that were significant are listed here. ble 4). The decreased latency was statistically significant for both the caveolin-1 Ϫ/Ϫ mice (P ϭ 0.002, compared with ϩ/ϩ mice) and for caveolin-1 ϩ/Ϫ mice (P ϭ 0.026, compared with ϩ/ϩ mice). Kaplan-Meier analysis revealed a significant difference for the trend (P ϭ 0.005) between the three genotypes with tumor onset being most rapid in the caveolin-1 Ϫ/Ϫ mice ( Figure 4 ). The rate of tumor growth was slightly more rapid in mice null for caveolin-1 (Table 4) .
Before tumor onset, caveolin-1 distribution in the mammary glands of MMTV-neu mice that are wild-type for caveolin-1 ( Figure 5, A and B ) was similar to that in normal human breast tissue ( Figure 1, A and D) and in non-transgenic mice (not shown). No differences in the morphology of the tumors that arose in caveolin-1 ϩ/ϩ or caveolin-1 Ϫ/Ϫ mice were evident following examination of H&E stained sections ( Figure 5 , C and D). As caveolin-1 is lacking from both tumor and stromal cells in MMTVneu/caveolin-1 null mice, it is possible that the accelerated tumor onset in this model is being driven by the absence of tumor caveolin-1 rather than stromal caveolin-1. However, the absence of caveolin-1 in tumor epithelial cells is unlikely to be responsible for accelerated tumor progression in this model for the following reason. The tumors that arise spontaneously in MMTV-neu transgenic mice that are wild-type at the caveolin-1 locus do not express caveolin-1 in the tumor epithelium ( Figure 5 , E and F) but have a longer tumor latency compared with MMTV-neu transgenics lacking stromal caveolin-1 (Table  4 , Figure 5 , G and H). Taken together, the data obtained in the MMTV-neu model are consistent with a role for caveolin-1 in stromal cells in breast cancer growth and strongly indicate that the loss of stromal caveolin-1 contributes to the earlier onset of visible tumors. Lung metastasis was assessed at autopsy and the incidence of visible metastases was found to be similar in all three caveolin-1 genotypes (Table 4) . Histological assessment of lung metastasis in H&E stained sections of the lung did not reveal any differences in the number of metastatic nodules present in MMTV-neu/caveolin-1 ϩ/ϩ and in MMTV-neu/caveolin-1 Ϫ/Ϫ mice (data not shown). Visible lung nodules were present in only 20% to 30% of Significance differences in tumor onset time were assessed by the Gehan-Breslow-Wilcoxon test. P ϭ 0.002 for the difference between Cav ϩ/ϩ and Cav Ϫ/Ϫ mice and P ϭ 0.026 for the difference between Cav ϩ/ϩ and Cav ϩ/Ϫ mice. *Only 9 of the original 15 mice were available for final analysis due to losses from non-tumor related causes during the experiment. Mice were monitored for tumor onset (age at which tumor was first palpable) and tumor growth, and culled when the primary tumor reached 1500 mm 3 . Analysis of the trend using the log-rank test gave a P value of 0.005. mice, which was insufficient for further analysis of the role of stromal caveolin-1 in metastasis in this model.
Discussion
The studies presented here show that the presence of caveolin-1 positive stromal elements in the primary tumor microenvironment is associated with improved outcome in breast cancer. Caveolin-1 expression in tumor-associated stroma was related to lower tumor grade and improved staging at diagnosis. Consistent with this, 10-year survival rates were significantly better in patients with caveolin-1-positive stromal tissue. Multivariate statistical analyses attributed improved 10-year survival rates to elevated stromal caveolin-1, independent of other established prognostic factors. In the two patient cohorts assessed here, caveolin-1 levels in tumor epithelium were not associated with disease-free or overall survival. These findings suggest that stromal caveolin-1 may be a new prognostic factor for long-term breast cancer survival.
There have been many reports linking caveolin-1 to tumor progression and clinical outcome in different types of cancer, but without a clear resolution of its role as a prognostic marker. Our data demonstrate that loss of caveolin-1 in the stromal cells of breast tumors has a very strong correlation with clinical outcome in samples where the level of expression within the tumor epithelium is not informative of outcome. These results may explain some of the discrepancies in the literature with regard to the proposed pro-or anti-neoplastic roles of caveolin-1 in various cancers in the studies that did not discriminate between stromal and tumor caveolin-1 expression. This clinical finding is supported by our data showing decreased latency in the MMTV-neu mouse model of spontaneous mammary tumor development, indicating a role for stromal caveolin-1 in mammary tumor progression.
Metastasis to distant tissues is one of the key events responsible for reduced survival in patients with breast cancer. Investigation of the role of stromal caveolin-1 in promoting metastasis was limited in the current studies by use of a spontaneous tumor model with low metastatic frequency. However, studies of mammary tumor development driven by the polyoma middle T antigen have shown both a decreased primary tumor latency and an increased frequency of lung metastasis in mice null for caveolin-1. 37 While the relative contributions of stromal and epithelium caveolin-1 were not investigated in their study, the data along with ours raise the possibility that stromal caveolin-1, either at the primary site or potentially in distant tissues, may provide a tumor suppressor influence that inhibits growth of metastatic nodules in distant tissues.
While the mechanisms that regulate caveolin-1 production in tumor-associated stromal tissue remain unclear, it is possible that tumor cell signaling is involved in this process. Cross talk between tumor cells and stromal cells of varying lineages within the tumor microenvironment regulates tumor growth and metastasis. 38 Tumor cells co-opt stromal cells to produce growth factors and cytokines that the tumor cells use to invade surrounding tissues and metastasize to distant tissues. Loss of caveolin-1 in stromal cells may be regulated by signals originating from the transformed epithelial cells to enable the tumor cells to escape the growth suppressing properties of the stroma. This may promote growth, migration, or invasion of the epithelial tumor cells. Methylation silencing may explain the loss of caveolin-1 expression in stromal tissue 18 and is the subject of ongoing studies, as is the nature of the paracrine signaling between stromal and tumor cells that occurs in the presence of caveolin-1.
The mechanism by which stromal caveolin-1 suppresses cancer progression remains to be determined. We hypothesize that caveolin-1 in tumor-associated stroma modulates paracrine signaling with tumor cells, leading to a permissive environment for tumor cell proliferation, migration, and local invasion. Caveolin-1 can act as a negative regulator of several signaling pathways such as the Wnt and Her2/neu pathways. 11, 39 Its strong expression in the myoepithelial cells of the normal mammary gland has been linked to the tumor suppressive function of these cells. 1 This suggests that therapies that target caveolin-regulated processes have the potential to suppress tumor progression and improve survival in relevant subtypes of breast cancer. In addition to the possible development of new therapies, the current studies suggest that analysis of stromal caveolin-1 levels at first diagnosis may be an effective prognostic factor that would allow individualization of patient therapy. In the future, prospective clinical trials will be essential to confirm the prognostic power of stromal caveolin-1 in breast cancer.
